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Summary
Objectives: In osteoarthritis (OA), mechanical factors play a key role, not only in cartilage degradation, but also in subchondral bone sclerosis.
The aim of this study was to develop on original compression model for studying the effect of mechanical stress on osteoblasts.
Materials and methods: We investigate the effects of compression on primary calvaria osteoblasts isolated from newborn mice and cultured
for 28 days in monolayer. At the end of this period, osteoblasts were embedded in a newly synthesized extracellular matrix which formed
a three-dimensional membrane. This membrane was then submitted to compression in Biopress Flexercell plates (1e1.7 MPa compressions
at 1 Hz frequency) during 1e8 h. The expression of 20 genes was investigated by real time reverse transcriptase polymerase chain reaction.
Interleukin (IL)-6, matrix metalloproteinase (MMP)-3 and prostaglandin (PG)E2 were assayed in the culture medium by speciﬁc
immunoassays.
Results: The compression highly increased IL-6 and cyclooxygenase (COX)-2 mRNA levels in osteoblasts. In parallel, increased amount of
IL-6 and PGE2 was found in the supernatant of loaded osteoblasts. This stimulation reached a maximum after 4 h of 10% compression. MMP-
2, MMP-3, and MMP-13 mRNA levels were also increased by compressive stress, while 15-hydroxyprostaglandin-dehydrogenase and osteo-
protegerin (OPG) start to decrease at hour 4. COX-1, microsomial PG E synthase-1 (mPGES1), mPGES2 and cytosolic PGES and receptor
activator of nuclear factor ligand (RANKL) were unmodiﬁed. Finally, we observed that alpha5beta1 integrin, intracellular Caþþ, nuclear factor-
kB and extracellular signal-regulated kinase1/2 pathways were involved in the compression-induced IL-6 and PGE2 production. IL-6 neutral-
izing antibodies and piroxicam inhibited the decrease OPG expression, but did not modify RANKL mRNA level, indicating that IL-6 and PGE2
induce a decrease of the OPG/RANKL ratio.
Conclusion: This work demonstrates that IL-6 is mechano-sensitive cytokine and probably a key factor in the biomechanical control of bone
remodeling in OA.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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10e12Osteoarthritis (OA) is the most common form of joint dis-
ease and a major cause of disability in older adults. This
disease is a global joint disease characterized not only by
a progressive lost of cartilage, but also by synovium inﬂam-
mation and by an abnormal subchondral bone remodeling.
Bone remodeling results from the coordinated and balanced
activities of osteoblasts and osteoclasts. Osteoblasts func-
tions are intimately linked to osteoclast activity via the oste-
oblastic production of cytokines, growth factors and
prostaglandins (PGs). The production of some of these
factors is controlled by mechanical strains1. Recently,
a number of in vitromodels have attempted to screen genes
and signaling pathways involved in this mechanism, mainly
by stretching osteoblasts2e9 or by submitting them to a ﬂuid*Address correspondence and reprint requests to: Dr Francis
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473shear stress . Osteoblasts possess mechanosensors
activating intracellular signals including ion channels, integ-
rins, calveolar membrane structure and cytoskeleton13.
Nevertheless, response to physical signals may be quite
different according to the type of mechanical stimulus
applied. Fluid shear stress have been shown to elicit multi-
ple intracellular signaling pathways involving intracellular
calcium rise, extracellular signal-regulated kinase
(ERK)1/2 activation of c-fos and nuclear factor (NF)-kB
translocation10,11. Downstream of such signaling events is
induction of various gene expression including type I
collagen (COL1A1), osteopontin (OPN), insulin-like growth
factor-I (IGF-1) and cyclooxygenase (COX)-210,14.
Cyclic tensile strains were also potent activator of the sig-
naling cascade formed by ERK/c-fos/NF-kB3. Stretching
increased the production of vascular endothelial growth fac-
tor (VEGF), transforming growth factor (TGF)-b115, alkaline
phosphatase (AP) activity, osteocalcin (OC), osteoprotegerin
(OPG), matrix metalloproteinases (MMPs)-1 and -34, COX-1
and -2, PGD2 synthase, peroxisome proliferator-activated
receptor (PPAR) gamma-1 synthesis, but decreased the
474 C. Sanchez et al.: IL-6 is a mechano-sensitive gene in osteoblastssoluble receptor activator of nuclear factor ligand (sRANKL)
release6 by osteoblasts. In contrast, no signiﬁcant effect
was reported on MMP-2, tissue inhibitor of metalloprotei-
nases (TIMPs)-1 and -2, and PPAR gamma-2 synthesis5,8.
More relevant of the in vivo loading stress, little is known
on the effect of compression on bone cells. In fact, compres-
sion associates both stimuli, including stretching and ﬂuid
ﬂow. Current experimental approaches in this ﬁeld have in-
cluded animal studies with bones biopsy culture after exter-
nal loading16e19. Compressive strain induced an early ERK
activation and c-fos mRNA and protein production20 and sub-
sequently an increase of AP, COL1A1, PGE2 and PGI2 syn-
thesis, and mRNA expression levels of Runt-related gene-2
(RUNX-2), OC, OPN, and COX-220. However, mineralization
was inhibited, despite an increase in calcium accumulation,
suggesting that loading may inhibit mineralization in order
to increase matrix deposition20. Recently, Koyama et al.
have demonstrated that interleukin (IL)-1, IL-6 and IL-8
gene expression in the osteosarcoma cell line Saos-2 is in-
creased by compression21.
However, no study has addressed the effect of compres-
sion on COX-2/PGE2, OPG/RANKL and MMPs production
by osteoblasts. COX-2 and PGE2 are involved in both cyto-
kine-mediated osteoclast activation22,23 and osteoblastic
bone formation24. Finally, MMPs secreted by osteoblasts
have been suggested to play a role in bone physiology25.
They can degrade collagenous extracellular matrix, and
by this action to prepare recruitment site for osteoclasts8.
The aims of the present study were (1) to develop a three-
dimensional (3D) culture model for studying the effect of me-
chanical strains on osteoblasts, (2) to determine the effects
of compression on PGE2, IL-6, OPG/RANKL ratio and
MMP-2, -3, and -13, (3) to identify the signaling pathways in-
volved in the IL-6 induction production in responses to com-
pression. In this purpose, we have tested a calcium chelator,
an antibody neutralizing integrin alpha5beta1, the recombi-
nant IL-1ra and I Kappa B Kinase (IKK), p38, ERK1/2 and
c-Jun N-terminal Kinase (JNK) inhibitors, to inhibit the me-
chanical transduction pathways involved in IL-6 regulation.MethodsPRIMARY CALVARIA MOUSE OSTEOBLASTS ISOLATION AND
CULTURECalvaria osteoblasts were obtained by enzymatic digestion of calvaria
cortical bone of 5e9 days-old Swiss mice. All enzymatic digestions were per-
formed in DMEM/HAMF12 containing 100 U/ml penicillin, 100 mg/ml strepto-
mycin and 4 mM glutamine. This medium was called ‘‘basal medium’’.
Calvarias from 12 to 14 newborn mice coming from the same mouse litter
were pooled and successively incubated for 20 min at 37C under agitation
with trypsin (15 ml of trypsin 5 mg/l with ethylene diamine tetra-acetic acid
(EDTA) 2 mg/l) and collagenase D (10 ml of 3 mg/ml of collagenase D;
Roche) to eliminate surrounding soft tissues. After several washes, calvarias
were then submitted to two successive collagenase digestions (25 ml of
3 mg/ml of collagenase D in basal media for 45 min at 37C under agitation).
The isolated cells were then collected by centrifugation, rinsed in basal me-
dia counted with trypan blue and ﬁnally seeded in 12-wells multiplates
(20 000 cell/cm2) in 1 ml/well of basal media supplemented with 15% fetal
bovine serum (FBS). Fourteen hours later, the plates were washed three
times with phosphate buffer saline (PBS) to remove most of the less adher-
ent cells like adipocytes and osteoclasts. The osteoblasts were then cultured
28 days in basal media supplemented with 10% FBS and 50 mg/ml ascorbic
acid. During the last week, 2 mM beta-glycerophosphate was added.COMPRESSION EXPERIMENTAfter 28 days of culture, the osteoblasts were embedded in an abundant
3D extracellular matrix produced by the osteoblasts themselves, and forming
a 1e2 mm deep 3D membrane. Two of these membranes, called 3D-osteo-
blasts, were collected and placed into a well of a Biopress 6-wells plate
(Dunn Labortechnik, Germany, Fig. 1) containing 1.5 ml of CO2 independentmedium (Invitrogen, France) supplemented with 5% FBS, 100 U/ml penicillin,
100 mg/ml streptomycin and 4 mM glutamine. All of the experiments were
performed at 37C in an air atmosphere. The compression was applied indi-
vidually to each pool of two membranes by the Biopress system (Flexercell
International, USA) previously described by Fermor and colleagues26 with
a magnitude ranged from 6 to 10% compression (6% corresponds to
1 MPa and 10% corresponds to 1.67 MPa) at 1 Hz frequency (sinusoidal
wave). In parallel, as a control, 3D-osteoblasts were collected and placed
into the Biopress plate, but were unloaded. To identify the signaling path-
ways involved in the responses of osteoblasts to compression, the following
inhibitors have been added 1 h before loading: BAPTA-AM (an intracellular
calcium chelator, Calbiochem, UK, 15e100 mM), BAY11-7085 (an IKK inhib-
itor, Calbiochem, 5e40 mM), SB203580 (a p38 inhibitor, Calbiochem,
25 mM), SP600125 (JNK inhibitor II, Calbiochem, 15 mM), U0126 (a ERK1/
2 inhibitor, Calbiochem, 2.5e40 mM), rat anti-mouse integrin alpha5beta1
monoclonal antibody blocking (VMA1984, AbCys, 1/250), mouse rIL-1ra
(R&D Systems, 100 ng/ml), rat anti-mouse IL-6 neutralizing monoclonal
antibody (R&D Systems, 1 mg/ml) and piroxicam (COX-1 and COX-2 non-se-
lective inhibitor, Sigma, 20 mM). As a control, the same inhibitors were added
to unloaded culture. BAPTA-AM, BAY11-7085, SB203580, SP600125 and
U0126 were ﬁrst dissolved in dimethylsulfoxide (DMSO, Sigma, France),
and then diluted in culture medium to achieve the required ﬁnal concentra-
tion. The ﬁnal concentration of DMSO was 0.1% in all culture conditions,
even in the controls. At each time point (1, 2, 4, 6, 8 and 16 h), we analyzed
compressed and uncompressed samples supplemented or not with inhibi-
tors. Our results are expressed as fold-induction in comparison to controls.
After the application of the mechanical regimen, supernatants were collected
and stored immediately at 20C. The osteoblasts were then isolated from
the extracellular matrix by an enzymatic digestion with collagenase
D (3 mg/ml, 30 min at 37C under agitation). After centrifugation, osteoblasts
were kept at 80C until RNA extraction. Cell viability was assessed by
trypan blue exclusion test. All compression experiments were performed in
duplicate or triplicate, 10 times with different calvaria osteoblasts popula-
tions, except for compressions with the several pathways inhibitors, which
were performed three times in duplicate.ALKALINE PHOSPHATASE (AP) ASSAYAP activity was quantiﬁed in the cellular fraction of the 3D-osteoblasts cul-
ture using p-nitrophenylphosphate as substrate, as previously described27.AP VISUALIZATIONThe membrane AP activity was visualized with a naphtol AS-MX phos-
phate/Fast Red method28.QUANTITATIVE REAL-TIME REVERSE TRANSCRIPTASE
POLYMERASE CHAIN REACTION (RT PCR)Total RNAwas extracted using the RNeasy Kit (Qiagen, France) according
to the manufacturer’s instructions. Total RNA (1 mg) was reverse-transcribed
with Omniscript (Qiagen) in a ﬁnal volume of 20 mL containing 50 ng of oligos
dT. The cDNAs of interest were quantiﬁed by real-time quantitative PCR using
the LC480 LightCycler Real Time PCR (Roche). Sense and antisense PCR
primers were designed based on mouse sequence information for the ampli-
ﬁcation of genes of interest (Table I). The PCR reactions were performed
with the Fast Start DNA master plus SYBR mixture (Roche). Hypoxanthine-
guanine phosphoribosyltransferase (HPRT) was used as an internal standard
and the ratio of each investigated PCR primer to HPRT were calculated.DNA ASSAYThe DNA content of the culture was measured according to the ﬂuorimet-
ric method of Labarca and Paigen29.IMMUNOASSAYS FOR IL-6, MMP-3 AND PGE2IL-6, MMP-3 and PGE2 were directly measured in conditioned culture me-
dia by speciﬁc enzyme immunoassays (Biosource Europe and Cayman
Chemical). The limit of detection of these immunoassays was 8 pg/ml for
IL-6, 312 pg/ml for MMP-3 and 9 pg/ml for PGE2.HISTOLOGYCollagen membranes were ﬁxed in 4% paraformaldehyde, deshydrated,
embedded in parafﬁn and 5 mm sections cut with a microtome. Tissue slices
were stained 15 min with Ehrlich hematoxylin, 4 min in light green 0.2%,
0.17 M acetic acid, rinsed two times 10 s in 0.17 M acetic acid.
Fig. 1. Three-dimensional-osteoblasts membrane and Flexercell apparatus used for compression application. (AeC) Calvarias were harvested
from 1 l of 6-day-old Swiss mice. After, enzymatic digestion, osteoblasts were plated in 12-wells plates and cultured for 28-days. (C) After 28
days of culture, osteoblasts were embedded in an extensive extracellular matrix and expressed membrane AP. (D) Collagen membrane con-
taining osteoblasts were collected. Two membranes were pooled and put into a Biopress 6-wells culture plate. (E) 1.5 ml of media was added
and each well was hermetically sealed with a speciﬁc cap. (F) The compression was applied by the Flexercell Compression Plus system. The
cyclic compression was applied at the magnitude of 1.67 MPa (corresponding at 10%) and at the frequency of 1 Hz with a sinusoidal wave-
form. Microscopic view of light green/hematoxylin stained 3D-osteoblasts membrane in the control conditions (G) or after 4 h of 10% loading
(H) (magniﬁcation 40).
475Osteoarthritis and Cartilage Vol. 17, No. 4CALCULATION AND STATISTICAL ANALYSISThe results (mean S.E.M.) were expressed as HPRT-normalized gene
expression or as AP activity or IL-6, MMP-3 and PGE2 concentration per
mg of DNA. A multivariate repeated measures’ analysis of variance (ANOVA)
model with calculation of contrasts was performed on all the experiment. The
time-dependency was demonstrated by calculating the Spearman’s correla-
tion coefﬁcient (r).ResultsBIOCHEMICAL AND MECHANICAL CHARACTERISTICS OF THE
3D-OSTEOBLASTS MEMBRANEAfter 7 days of culture, cells expressed a pre-osteoblasts
phenotype, characterized by a high expression of type I col-
lagen and RUNX-2, and few markers of osteoblasts matura-
tion like OPN, and Bone Sialoprotein (BSP), but not
detectable levels of OC or Dentin Matrix Protein (DMP-1)
mRNA (Table II). After 28 days of culture, cells formeda 3D membrane which covered the bottom of the culture
ﬂask [Fig. 1(C)]. In this 3D-osteoblasts membrane, cells
showed a strong AP activity [in mean 65 8 U/mg DNA,
Fig. 1(C)] and expressed genes characteristics of the oste-
oblastic phenotype (RUNX-2, COL1A1, BSP, OPN, OC)
and also dentin matrix protein-1 (DMP-1), a gene mainly ex-
pressed by osteocytes, but not type II collagen (COL2A1)
gene. These ﬁndings indicated that in our culture condi-
tions, cells expressed an osteoblastic phenotype30. Further,
as indicated by oil red staining, less than 5% of adipocytes
were present. After 28 days of culture, 3D-osteoblasts
membranes could easily be recovered, and approximately
contained 2.3 106 cells and weighted 15 mg [Fig. 1(D)].
These 3D-osteoblasts membranes were used for the com-
pression experiment. They resisted to trypsin digestion,
but were completely dislocated by collagenase (30 min at
37C under agitation), indicating that they mainly contained
collagens. This was conﬁrmed by an intensive light green
staining [Fig. 1(GeH)]. These membranes were not
Table I
Sequences of primers for the quantitative PCR experiments
mRNA Forward (50e30) Reverse (50e30)
HPRT AGGACCTCTCGAAGTGT ATTCAAATCCCTGAAGTACTCAT
COL1A1 TCTGTGCCTCAGAAGAACT GAGCCCTCGCTTCCGTA
COL2A1 GGCAACAGCAGGTTCACATA ATGGGTGCGATGTCAATAAT
IL-6 GTCACAGAAGGAGTGGCTA AGAGAACAACATAAGTCAGATACC
RUNX-2 ATTCATCCTGACTCCCTCT CTACCACACACAAACAATAAATAGC
OPG ATCAGAGCCTCATCACCTT CTTAGGTCCAACTACAGAGGAAC
DMP-1 AGAGGGTAGAGGAATCGC TGACTTTCTTCTGATGACTCACT
OPN ACACACAGACTTGAGCAT CTATCATCTTCCTTACTCTTAGGGT
BSP AATGGAGACGGCGATAG GCCTTCTTGGGCAGTTG
OC TTCCTCCTGAACCCAGAAT GACCACTCCAGCACAAC
MMP-2 AGGTGACCTTGACCAG CTTTTAAGGCCCGAGC
MMP-3 ATGAAAATGAAGGGTCTTCCGG GCAGAAGCTCCATACCAGCA
MMP-13 TGATGGCACTGCTGACATCAT TGTAGCCTTTGGAACTGCTT
COX-1 CTTTGCACAACACTTCACCCACC AGCAACCCAAACACCTCCTGG
COX-2 ACCTCTCTGAACTATGGTGTG TGGATCTATGCAGTCTGCTT
mPGES1 CTGCTGGTCATCAAGATGTACG CCCAGGTAGGCCACGGTGTGT
mPGES2 AAGACATGTCCCTTCTGC CCAAGATGGGCACTTTCC
cPGES AGTCATGGCCTAGGTTAAC TGTGAATCATCATCTGCTCC
15-PGDH GCCAAGGTAGCATTGGTGGAT CTTCCGAAATGGTCTTGGGGTCT
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sion at 1 Hz [Fig. 1(GeH)].
As assessed by trypan blue exclusion staining on isolated
cells obtained after collagenase digestion of the membrane,
less than 5%of cellswere died after 16 h of 10%compression.EFFECTS OF COMPRESSION ON PROSTANOIDS PRODUCTIONIn unloaded conditions and after 4 h of culture, osteoblasts
expressed 1.36 copies of COX-2 mRNA, 3.2 copies of COX-
1 mRNA, 0.74 copy of microsomial PG E synthase-1
(mPGES1) mRNA, 0.19 copy of mPGES2mRNA, 2.1 copies
of cytosolic (c)PGES mRNA and 0.16 copy of 15-hydroxy-
prostaglandin-dehydrogenase (PGDH) per copy of HPRT
mRNA. A 10% compression applied at the frequency of
1 Hz induced an increase of COX-2mRNA levels in 3D-oste-
oblasts. This stimulating effect was statistically signiﬁcant af-
ter 1 h (1.8-fold, P< 0.001), reached a maximum after 4 h
(6.6-fold, P< 0.001) and then progressively decreased
[Fig. 2(A)]. The mRNA level of COX-1 and PGESs were not
affected by compression (data not shown). The expression
of 15-PGDH gene was signiﬁcantly increased after 1 and
2 h, but decreased after 4, 6 and 8 h of compression com-
pared to unloaded cells [P< 0.01, Fig. 2(B)]. In parallel,
PGE2 production was time-dependently increased by 10%
compression [r¼ 0.99, P< 0.001, Fig. 2(C)].EFFECTS OF COMPRESSION ON IL-6, OPG AND RANKL
PRODUCTIONAfter 4 h in unloaded conditions, osteoblasts expressed
0.07 copies of IL-6 per copy of HPRT. The compressionTable II
Phenotypic characterization of the osteoblastic cells
7 days 28 days
AP staining (activity) þ þþþ
Gene expression (HPRT)
COL1A1 66.4 9.3 9.2 2.6
RUNX-2 10.2 2.1 1.1 0.7
BSP 14.0 6.6 106.5 14.8
OPN 28.1 4.5 43.5 6.7
OC  0.04 0.02
DMP-1  4.4 1.6induced a time-dependent increase of IL-6 mRNA levels
in 3D-osteoblasts. At the magnitude of 10% and the fre-
quency of 1 Hz, this stimulating effect of compression was
already signiﬁcant after 1 h (5.4-fold, P< 0.001), reached
a maximum after 4 h (36.2-fold, P< 0.001) and then pro-
gressively decreased but remained superior to the control
values [Fig. 3(A)]. In parallel, IL-6 protein synthesis was
time-dependently increased by 10% compression at 1 Hz
[r¼ 0.97, P< 0.001, Fig. 3(B)].
OPG gene expression was not modiﬁed after 1 and 2 h
of compression, but was signiﬁcantly decreased after 4, 6
and 8 h [between 0.67 and 0.76-fold, P< 0.05, Fig. 3(C)].
RANKL gene expression was not affected by
compression.EFFECTS OF COMPRESSION ON MMPs PRODUCTIONIn the unloaded conditions and after 4 h, osteoblasts
expressed 0.17, 5.5 and 9.4 copies per copy of HPRT
of MMP-2, MMP-3 and MMP-13, respectively. The com-
pression induced an increase of these MMPs expression.
This effect was signiﬁcant after 4 h for all MMPs, then
progressively increased with the culture duration for
MMP-2 and MMP-3, but remained stable over the culture
period for MMP-13 [Fig. 4(A)]. MMP-3 synthesis in-
creased with culture duration in both unloaded and
loaded culture. After 6 and 8 h, the compression in-
creased MMP-3 synthesis by 1.53- and 1.71-fold, respec-
tively [Fig. 4(B)].EFFECT OF THE AMPLITUDE OF THE COMPRESSION ON THE
STUDIED PARAMETERSWe have compared the effects of 6 and 10% compres-
sive load (1 MPa or 1.67 MPa, respectively) on our 3D-oste-
oblasts. COX-2 mRNA and PGE2 production was 1.8- and
3.9-fold higher at 10% than at 6% compression, respec-
tively (P< 0.001; Fig. 5). 15-PGDH was decreased by
0.84-fold at 6% and by 0.68-fold at 10% compression
(P< 0.05). Both mRNA and protein levels of IL-6 were
2.8- and 2-fold higher at 10% than 6% compression,
respectively (P< 0.001, Fig. 5). Finally no signiﬁcant differ-
ence between 6 and 10% compression was observed for
MMP-3 gene expression.
Fig. 2. Effect of compression duration on PGE2 metabolism. (A)
COX-2 and (B) 15-PGDH gene expressions as well as (C) PGE2
production were determined after 1, 2, 4, 6 and 8 h of 10% com-
pression applied at the frequency of 1 Hz. The mRNA copy num-
bers were normalized against the corresponding copy number of
HPRT mRNA and expressed as the fold of increase compared to
unloaded 3D-osteoblasts membrane. The PGE2 production is the
accumulation of PGE2 in the supernatant and is expressed in pg
per mg of DNA. The results are the mean S.E.M. of ten experiments
performed in duplicate. Comparison of mean values was performed
by multivariate ANOVA test. Loaded and unloaded culture were sig-
niﬁcantly different with a *P< 0.05, **P< 0.01 and ***P< 0.001.
ND, not detectable.
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OSTEOBLASTSIn order to identify the signaling pathways involved in
osteoblasts responses to compression, cells were incu-
bated with speciﬁc inhibitors for 1 h before the compression.Inhibitors were also added in the same conditions in
unloaded cells. At the exception of SB203580 (p38 inhibitor,
25 mM) which inhibited IL-6 production by unloaded osteo-
blasts in the same order of magnitude that in loaded cells,
the other drugs had no signiﬁcant effects on IL-6, COX2
and PGE2 production in unloaded cells (Fig. 6). U0126
(MEK1/2 speciﬁc inhibitor), BAY11-7085 (IKK speciﬁc inhib-
itor) and BAPTA-AM (intracellular Caþþ chelator)
decreased in a concentration-dependent manner the com-
pression-stimulated IL-6 and COX-2 mRNA levels (Fig. 6)
and similarly the IL-6 protein and PGE2 production
(data not shown). SP600125 had no signiﬁcant effect on
IL-6 and PGE2 production by loaded osteoblasts.
Integrin alpha5beta1 blocking antibody decreased by
0.377- and 0.366-fold the effect of compression on IL-6
mRNA and IL-6 protein levels, respectively. Further, it
inhibited by 0.26-fold COX-2 mRNA level and 0.45-fold
PGE2 production (P< 0.001, Fig. 6 and data not shown).
Anti-IL-6 neutralizing antibody reduced by 0.45-fold COX-
2 mRNA level and by 0.31-fold PGE2 production stimulated
by 4 h of 10% compression [P< 0.001, Fig. 6(B) and data
not shown]. It also reduced the decrease of OPG expres-
sion (P< 0.05), but did not modify the RANKL mRNA level
[Fig. 6(C)].
Piroxicam (20 mM) fully abolished PGE2 production in the
unloaded and in the loaded osteoblasts culture. It de-
pressed by 0.47- and 0.45-fold the compression-stimulated
IL-6 gene expression and protein production, respectively
[P< 0.001, Fig. 6(A) and data not shown]. It also reduced
the decrease of OPG expression (P< 0.05), but did not
modify the RANKL mRNA level [Fig. 6(C)].
In our experimental conditions, IL-1ra did not modify the
effects of compression on IL-6 and COX-2 expression by
osteoblasts (Fig. 6).
Discussion
One major barrier to understand bone physiology at cel-
lular level is the lack of methodology to study cells in their
native environment. In the majority of studies, compression
generated by a bending system3 or a glass cylinder is
applied on osteoblasts cultured in monolayer on ﬂat sur-
faces31. Herein, we propose an original model of 3D-osteo-
blast culture, allowing the study of compression on
osteoblasts/osteocytes embedded in their newly synthe-
sized extracellular matrix. In this model, cell/matrix interac-
tions are conserved and ﬂuid ﬂow through a 3D extracellular
matrix is allowed. So, compression, tension and ﬂuid shear
stimuli occurred in our model.
In our study, high amplitude compression (6 and 10% cor-
responding to 1 and 1.67 MPa) was applied at the frequency
of 1 Hz. These loading conditions are included in the range of
mechanical strains applied on bone during locomotion. In
vivo bone strain measurements taken during locomotion
demonstrated large amplitude strains comprised between 1
and 1.6 MPa at frequencies ranging from 0.5 to 2 Hz32.
In our experimental conditions, we observed a strong
accumulation of PGE2 in the culture medium of loaded
3D-osteoblasts. This conﬁrms previous studies demonstrat-
ing that ﬂuid ﬂow, compression and stretching stimulate
PGE2 production by osteoblasts
33e36. Further, we demon-
strated that PGE2 accumulation probably results from an
imbalance between PGE2 synthesis and degradation. In-
deed, in our experimental conditions, compression in-
creased COX-2 expression but decreased 15-PGDH
expression. 15-PGDH is a cytosolic enzyme which cata-
lyzes the ﬁrst step in the catabolic pathway of PGs, and is
Fig. 3. Effect of compression duration on IL-6 and OPG expression
and IL-6 production. (A) IL-6 gene expression, (B) IL-6 protein pro-
duction and (C) OPG gene expression were determined after 1, 2,
4, 6 or 8 h of 10% compression applied at the frequency of 1 Hz.
The mRNA copy numbers were normalized against the correspond-
ing copy number of HPRT mRNA and expressed as the fold of in-
crease compared to unloaded 3D-osteoblasts membrane. The
protein production is the accumulation of the protein in the superna-
tant and is expressed in pg of IL-6 per mg of DNA. The results are
the mean S.E.M. of 10 experiments performed in duplicate. Com-
parison of mean values was performed by multivariate ANOVA
test. Loaded and unloaded cultures were signiﬁcantly different
with a *P< 0.05, **P< 0.01 and ***P< 0.001. ND, not detectable.
Fig. 4. Effects of compression duration on MMPs synthesis. (A)
MMP-2, -3 and -13 and (B) MMP-3 production was determined after
1, 2, 4, 6 or 8 h of 10% compression applied at the frequency of
1 Hz. The mRNA copy numbers were normalized against the corre-
sponding copy number of HPRT mRNA and expressed as the fold
of increase compared to unloaded 3D-osteoblasts membrane. The
protein production is the accumulation of the protein in the superna-
tant and is expressed in pg of MMP-3 per mg of DNA. The results
are the mean S.E.M. of 10 experiments performed in duplicate.
Comparison of mean values was performed by multivariate ANOVA
test. Loaded and unloaded cultures were signiﬁcantly different with
a *P< 0.05, **P< 0.01 and ***P< 0.001. ND, not detectable.
478 C. Sanchez et al.: IL-6 is a mechano-sensitive gene in osteoblastsbelieved to be the key enzyme responsible for the biological
inactivation of this biologically potent eicosanoid37.
Another important ﬁnding was that compression had no
signiﬁcant effect on COX-1 and mPGES gene expression.
This contrast with previously reported data showing thatcompression of cartilage explants increases mPGES1
expression by chondrocytes38. This observation is impor-
tant since it was suggested that PGE2 can act as a potent
stimulator of both bone resorption and formation31,39,40.
Therefore, our results indicate that compression induces
PGE2 accumulation in bone through the COX-2 and
15-PGDH pathways.
PGE2 is also a mediator involved in IL-6-induced osteo-
clast formation and bone resorption41. In this study, we
showed that IL-6 is a highly mechano-sensitive gene. IL-
6 gene expression is early increased (1 h) and IL-6 protein
secretion is highly stimulated (up to 32-fold) by compres-
sion. This stimulating effect is higher than that observed
by Koyama in a osteosarcoma model, in which cells
were cultured for 5 days only and not embedded in a 3D
membrane21. The role of IL-6 on bone physiology is com-
plex. IL-6 clearly stimulates osteoclasts and bone resorp-
tion in vivo and in vitro42,43. Data on the in vivo and in vitro
effects of IL-6 on osteoblasts are still conﬂicting, and sev-
eral models have shown contradictory results44. In a re-
cent model of transgenic mice overexpressing IL-6,
Fig. 5. Effect of compression amplitude on COX-2, 15-PGDH, IL-6
and MMP-3 gene expressions by Ob. The osteoblasts were com-
pressed during 4 h at the amplitude of 6 or 10%. The mRNA
copy numbers were normalized against the corresponding copy
number of HPRT mRNA and expressed as the fold of increase
compared to unloaded 3D-osteoblasts membrane. The results are
the mean S.E.M. of three experiments performed in duplicate.
Comparison of mean values was performed by multivariate ANOVA
test. Loaded and unloaded cultures were signiﬁcantly different with
a *P< 0.05 and ***P< 0.001.
Fig. 6. Effect of inhibitors on (A) IL-6, (B) COX-2 and (C) OPG/
RANKL gene expression induced by 4 h of 10% compression ap-
plied at the frequency of 1 Hz. The mRNA copy numbers were nor-
malized against the corresponding copy number of HPRT mRNA
and expressed as the fold of increase compared to unloaded 3D-
osteoblasts membrane with the same treatment (with or without in-
hibitors). The results are the mean S.E.M. of three experiments
performed in duplicate. Comparison of mean values was performed
by multivariate ANOVA test. The inhibitors signiﬁcantly modiﬁed
gene expression compared to controls with a *P < 0.05,
**P< 0.01 or ***P< 0.001.
479Osteoarthritis and Cartilage Vol. 17, No. 4a marked decrease in osteoblast activity, proliferation and
expression of gene of bone matrix protein was found42.
This last result suggests that IL-6 could downregulates
bone formation.
Using speciﬁc inhibitors, we have identiﬁed some signal-
ing pathways involved in the compression-induced IL-6 and
PGE2 production. It clearly appeared that alpha5beta1
integrin, intracellular Caþþ, NF-kB and ERK1/2 were
involved. In contrast, these effects of compression were
not affected by JNK and p38 inhibitors. These data conﬁrm
the involvement of Caþþ, ERK1/2 and NF-kB in the
transduction of mechanical signals10,11,45. We have also
investigated the role of IL-1 in the compression-stimulated
IL-6 and PGE2 production. IL-1 is a well known PGE2 and
IL-6 inducer suggesting that the effects of compression on
these mediators could be mediated by IL-1. This hypothesis
is supported by the work of Koyama and collaborators, who
have recently demonstrated that compression induced the
production of IL-6 by osteoblasts subsequently to IL-1b pro-
duction21. However, in our model, IL-1ra did not signiﬁcantly
modify IL-6 and PGE2 production indicating that IL-1 is not
involved in this response. This discrepancy can be
explained by differences in the source of the osteoblasts
(osteosarcoma cell line vs primary osteoblasts) and in the
compression model used (monolayer vs 3D). Finally, using
an IL-6 neutralizing antibody and piroxicam, a COXs inhib-
itor, we have investigated the potential interaction between
IL-6 and PGE2 during compression. Interestingly, IL-6 neu-
tralization signiﬁcantly reduced compression-stimulated
PGE2 production and the full inhibition of PGE2 synthesis
by piroxicam drastically inhibited IL-6 production. These
ﬁndings provide evidence for an interaction between
PGE2 and IL-6 to amplify the response of osteoblasts to
compression. This increased IL-6 and PGE2 production by
osteoblasts could increase osteoclasts differentiation and
activation via effect on the RANK/RANKL/OPG system46.
Indeed, we observed that compression decreased OPG
gene expression, but did not modify RANKL. OPG is a de-
coy receptor for RANKL which inhibits osteoclast activation.
Therefore, we can conclude that compression by decreas-
ing OPG/RANKL ratio, could promote osteoclasts activityand bone remodeling. Since it was reported that IL-6 is
the mediator of PGE2-induced suppression of OPG produc-
tion by osteoblasts46, we speculate that IL-6 and PGE2 are
major mediators of the compression-induced bone
remodeling.
480 C. Sanchez et al.: IL-6 is a mechano-sensitive gene in osteoblastsFinally, MMPs have been reported to play a role in phys-
iologic bone remodeling. This study shows that compres-
sion stimulates MMP-2, MMP-3 and MMP-13 gene
expression and MMP-3 synthesis, suggesting that osteo-
blasts may contribute to bone remodeling. One possible
role for MMPs is to prepare recruitment sites for osteoclasts
and its progenitors by degrading collagenous extracellular
matrix covering the mineralized bone surface, and then to
expose RGD (Arg-Gly-Asp) sequences which allow osteo-
clasts adhesion via alpha5/beta3 integrin receptor47. Previ-
ous studies suggest that osteoclasts adhere to denatured
collagen through alpha5/beta3 integrin, which leads to oste-
oclasts activation. Further, degradative products of colla-
gens may activate osteoclasts48. Thus, degradation of
collagen on bone surface does not only allow osteoclasts
attachment, but may also stimulate them to proceed to
activation and resorption phases. MMP-3 is not a collage-
nase, but contributes to the resorption of osteoid matrix
through activation of collagenases. Recently, Sasaki et al.
have shown that uniaxial cyclic stretching transiently upre-
gulated the expression of MMP-3 in normal human osteo-
blasts, while MMP-2 and -13 were not affected8. This
suggests that MMP-2 and MMP-13 genes are sensitive to
compressive but not stretching stress, whereas MMP-3 is
indifferently regulated by both compressive and stretching
stress. We can then speculate that compressive and tensile
strains are necessary to maintain physiologic bone remod-
eling. This should be taken into consideration for the man-
agement of bone mass by physical activity. These
ﬁndings give a rationale to recommend loading activities
for the prevention of osteopenia. Nevertheless, we cannot
exclude that differences between our data and those of
Sasaki result of differences in the methodology used.
Sasaky et al. have used human osteoblasts in monolayer
after four passages whereas we have used primary murine
osteoblasts cultured in 3D natural extracellular matrix.
These ﬁndings also contribute to explain subchondral
bone sclerosis in OA. Herein, we have demonstrated that
compression increased IL-6, PGE2 and MMP-3 production.
Previously, we have shown that osteoblasts isolated from
the sclerotic zone of OA subchondral bone produced
more IL-6, PGE2 and MMP-3 than osteoblasts coming
from the non-sclerotic zone28. Therefore, we hypothesize
that mechanical stress could be responsible for these alter-
ations in subchondral bone osteoblasts phenotype. This
altered phenotype could explain subchondral bone
sclerosis.
One major limitation of this study was that the strains
applied on calvaria cells are not physiologic, and we cannot
exclude that these abnormal strains induce an inﬂammatory
response. Therefore, the extrapolation of these data to hu-
man must be done with caution and future experimentations
are needed to conﬁrm these results in human OA osteo-
blasts. Nevertheless, in a preliminary study, we have shown
that strains of 6e10% stimulate human OA subchondral os-
teoblasts to produce IL-6, PGE2 and OPG in the same
range of induction that in murine cells. In a near future,
we expect to this model for studying the effects of loading
on human OA osteoblasts coming from either sclerotic or
non-sclerotic area27.
In conclusion, we provided in vitro evidences that com-
pression increases IL-6 and PGE2 via an activation of
Caþþ/ERK1/2/NF-kB signaling pathways. This results in
a decreased OPG/RANKL ratio and an increased MMPs
production, both favorable to bone resorption. IL-6 is
a new mechano-sensitive cytokine, and is probably a key
factor in the biomechanical control of bone remodeling inOA. This new and original compression model will be
helpful to evaluate the sensitivity of OA subchondral osteo-
blasts, coming from the sclerotic or non-sclerotic areas.
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